Dendrite arbor structure is a critical determinant of nervous system function that must be actively maintained throughout life, but the signaling pathways that regulate dendrite maintenance are essentially unknown. We report that the Abelson (Abl) and Abl-related gene (Arg) nonreceptor tyrosine kinases are required for maintenance of cortical dendrites in the mouse brain. arg Ϫ/Ϫ cortical dendrites initially develop normally and are indistinguishable from wild-type dendrites at postnatal day 21. Dendrite branches are not efficiently maintained in arg Ϫ/Ϫ neurons, leading to a reduction in dendrite arbor size by early adulthood. More severe dendrite loss is observed in abl Ϫ/Ϫ arg Ϫ/Ϫ neurons. Elevation of Arg kinase activity in primary cortical neurons promotes axon and dendrite branching. Activation of integrin receptors by adhesion to laminin-1 or Semaphorin 7A also promotes neurite branching in cortical neurons, but this response is absent in arg Ϫ/Ϫ neurons because of the reduced dynamic behavior of mutant neurite branches. These data suggest that integrin signaling through Abl and Arg support cortical dendrite branch maintenance by promoting dendrite branch dynamics in response to adhesive cues.
Introduction
Dendrite arbor size and branching pattern establish the blueprint for the synaptic connections of a neuron, thereby determining its ability to receive inputs and integrate into neural networks. Postmortem studies of human brain tissue indicate that neurological disorders, including autism, mental retardation, and schizophrenia, are associated with defects in dendritic structure (Huttenlocher, 1974; Purpura, 1975; Kaufmann and Moser, 2000; Broadbelt et al., 2002; Jones, 2004) . Reductions or restructuring of dendrites and dendritic spines likely perturb the synaptic connectivity of neuronal circuits, impairing the information-processing capability of the brain. In some conditions, symptoms do not appear until late in development, after dendrite structure is already established, suggesting that dendrites deteriorate in these diseases, and that maintenance of dendritic structure is essential to sustaining normal brain function (Zoghbi, 2003) . A growing number of molecules regulating dendrite arbor development have been described previously (Whitford et al., 2002) , but whether and how these molecules also control dendrite maintenance is unclear.
Abelson (Abl) family nonreceptor tyrosine kinases, which include vertebrate Abl and Abl-related gene (Arg) proteins, help translate information from cell surface receptors into changes in cytoskeletal structure and cell morphology in non-neuronal cells (Woodring et al., 2003; Hernandez et al., 2004b) . The effects on cell structure are mediated in part through Abl-or Arg-mediated phosphorylation of cytoskeletal regulatory proteins, including the Rho inhibitor p190RhoGAP (Hernandez et al., 2004a) and the Ras/Rac activator Sos-1 (Sini et al., 2004) . Abl family proteins also have C-terminal extensions containing binding sites for actin and microtubules, which can be used to directly control cytoskeletal structure (McWhirter and Wang, 1993; Van Etten et al., 1994; Wang et al., 2001; Miller et al., 2004 ) (M. Krishnaswami and A. J. Koleske, unpublished observations). Thus, Abl and Arg use kinase-dependent and kinase-independent mechanisms to mediate changes in cytoskeletal structure.
Abl and Arg are abundantly expressed in metazoan nervous systems, making them good candidates for regulating the neuronal cytoskeleton in response to morphogenetic cues . In flies, Drosophila Abl is expressed in axons of the developing nervous system, where it is required for midline axon and motor neuron axon guidance (Gertler et al., 1989; Elkins et al., 1990; Giniger, 1998; Wills et al., 1999a,b) . In addition, several reports have shown that Abl can influence neuronal morphology in cultured neurons. These studies demonstrate that Abl promotes neurite growth, and that reducing Abl function inhibits growth (Zukerberg et al., 2000; Woodring et al., 2002; Jones et al., 2004) . However, it is unclear whether and how Abl and Arg regulate neuronal morphogenesis in the intact vertebrate brain.
We analyzed the structure of cortical neurons in immature and adult mice lacking Abl and/or Arg and found that dendrite arbor maintenance is deficient in these mutants. Using primary cortical neurons, we show that Arg promotes axon and dendrite branching in vitro, and that Arg is required for integrin-mediated neurite branching after adhesion to the extracellular matrix (ECM) protein laminin-1 (laminin) or to the guidance molecule Semaphorin 7A (Sema7A). Our data strongly suggest that reduced responsiveness to adhesive cues compromises cortical dendrite branch maintenance in Abl-and/or Arg-deficient neurons.
Materials and Methods
Construction of abl flox mice. Genomic clones containing the abl-coding sequence were cloned from the 129/SvJ mouse liver genomic library and mapped and sequenced using 25 bp oligonucleotides corresponding to the mouse abl cDNA. A 11 kb Asp718-XbaI abl genomic fragment was the starting point for construction. A loxP site flanked by an EcoRI site was cloned into the unique PacI site just upstream of abl exon 5, and a loxPphosphoglycerate kinase (PGK)-neo R -loxP cassette was cloned into the unique SnaBI site 1.7 kb downstream of abl exon 5. A PGK-thymidine kinase cassette was ligated to the XbaI end of the construct. This construct (pTK342) was electroporated into J1 embryonic stem (ES) cells, and clones were selected in G418 and ganciclovir. XbaI-digested genomic DNA was probed with a 1.2 kb NdeI-EcoRI probe to identify correctly targeted clones (11 of 387). Correctly targeted ES clones were expanded and electroporated with a cAMP response element (Cre)-expression construct to eliminate the loxP-PGK-neo R -loxP cassette. Clones that regained sensitivity to G418 were examined by Southern blot analysis for loss of the loxP-PGK-neo R -loxP cassette. abl flox mice and their derivatives were generated as described previously (Li et al., 1992) .
Strategy to eliminate Abl and Arg function in developing neurons.
We crossed the abl flox allele into the arg Ϫ/Ϫ background and inactivated the abl flox allele using nestin-Cre transgenic mice (Isaka et al., 1999) . Southern blot analysis confirmed that the abl flox allele was recombined efficiently in the brains of the abl flox/ϩ nestin-Cre ϩ mice but not in their spleens (supplemental Fig. 1C , available at www.jneurosci.org as supplemental material). Only 35% of the expected Mendelian numbers of abl flox/flox arg Ϫ/Ϫ nestin-Cre ϩ mice were born (n ϭ 302 progeny from intercrosses of abl flox/ϩ arg ϩ/Ϫ nestin-Cre ϩ males and females). Those that were born survived well into adulthood.
Reverse transcriptase-PCR. Total RNA was isolated from mouse tissues using Trizol reagent (Invitrogen, Grand Island, NY) , copied by reverse transcriptase, and amplified by PCR using the following primers: 5Ј-GCCCTGGCCAGAGATCCATC-3Ј and 5Ј-TCCCTCAGGTAGTCCA GCAGG-3Ј.
Immunoblotting. Tissue samples were disrupted in radioimmunoprecipitation assay buffer containing protease inhibitors on ice (Koleske et al., 1998) , and the protein concentration was determined using the bicinchronic acid assay (Pierce Biotechnology, Rockford, IL). Extracts were separated on 8% SDS-PAGE, blotted to nitrocellulose membrane, and probed with antibodies specific to the Abl kinase domain (PharMingen, San Diego, CA), the Abl C terminus (Santa Cruz Biotechnology, Santa Cruz, CA), or heat shock protein 70 (a gift from Dr. Peter Murray, St. Jude Children's Research Hospital, Memphis, TN).
Kinase and F-actin-binding assays. His-tagged Abl and Abl⌬kin were produced in Hi5 insect cells and purified on nickel-nitrolotriacetic acid beads as described previously . Kinase assays (Tanis et al., 2003) and F-actin-binding assays were performed as described previously. F-actin-binding experiments were repeated with F-actin concentrations from 0 to 27 M to determine K d for F-actin binding as described previously Miller et al., 2004) .
Bromodeoxyuridine labeling. Pregnant female mice were injected with bromodeoxyuridine (BrdU; 100 g/g, i.p.) on days indicated and were allowed to carry embryos to term. Pups were genotyped between postnatal day 10 (P10) and P14 as usual. Controls were always gendermatched littermates. Animals used for experiments at P21 were treated as described for other immunohistochemistry. For quantitation of BrdUlabeled cells, images at 10ϫ magnification of the cortex in coronal sections were captured as for cortical layer cell density estimation. For each section, a 650-m-wide strip was drawn through the thickness of the cortex in each hemisphere. This strip was divided into rectangles 150 m high (by 650 m wide), stacked one on top of the other, through the entire thickness of the cortex. BrdU-labeled cells were counted manually using Openlab software for each rectangle and graphed versus the distance from the pial surface (expressed in 150 m increments). Cortical thickness varied little from section to section. Thickness was between 750 and 900 m so that the last rectangle was not always the full 150 m in height; cells were counted as part of this last rectangle as usual. Sections were stained with ␣-BrdU monoclonal antibody (mAb) (1:100; Becton Dickinson, San Jose, CA) as described here.
Immunohistochemistry. Mice were deeply anesthetized and transcardially perfused with ice-cold PBS followed by 4% paraformaldehyde/PBS. Brains were dissected and postfixed overnight in 4% paraformaldehyde/ PBS at 4°C. After rinsing in PBS for at least 1 h, brains were bisected sagittally, and 50-m-thick sagittal sections [for ␣-neuronal-specific nuclear protein (␣-NeuN) staining] were cut with a vibratome and collected into PBS. Whole brains were sectioned coronally (50 m thick) for ␣-BrdU and ␣-L1 staining. For ␣-NeuN staining, every eighth (6-to 8-week-old mice) or ninth (P21-P23 mice) sagittal section from each half-brain was selected for staining. For ␣-BrdU and ␣-L1 staining, matched coronal sections from the forebrain, midbrain, and hindbrain were selected for staining. Primary antibodies were ␣-NeuN mAb (1 g/ml; Chemicon, Temecula, CA), ␣-L1 mAb (2.1 g/ml ASCS4 concentrate; developed by Paul H. Patterson; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA), ␣-BrdU mAb (1:100; Becton Dickinson), and ␣-S-100␤ (1:1000; Sigma, St. Louis, MO).
Sections were blocked for endogenous peroxidase activity with 3% H 2 O 2 /PBS for 15 min at room temperature, rinsed in PBS plus 0.3% Triton X-100 (PBS/T), and then blocked for 30 min in 2% BSA in PBS/T at room temperature. Sections were incubated for 1 h at room temperature or overnight at 4°C in primary antibody, washed in PBS/T, and incubated in goat ␣-mouse-biotin or goat ␣-rabbit-biotin (1 g/ml; Jackson ImmunoResearch, West Grove, PA) for 1 h at room temperature. After washing in PBS/T, sections were incubated in avidin-biotinperoxidase complex (Vectastain Elite ABC Reagent, prepared as directed; Vector Laboratories, Burlingame, CA) for 30 min and rinsed in PBS/T and then PBS, followed by diaminobenzidine tetrahydrochloride visualization (Sigma). Sections were rinsed in PBS, mounted on slides, dried, cleared, and mounted on coverslips with Permount (Fisher Scientific, Pittsburgh, PA). Staining for ␣-BrdU was identical, except that, after blocking endogenous peroxidase, sections were treated with 2N HCl for 30 min at room temperature. Staining for ␣-L1 was identical, except that, before beginning staining, sections were boiled in 0.1 M sodium citrate, pH 4.5, for 15 min followed by rinsing three times for 5 min each in PBS.
Estimation of cortical neuron number, cortical volume, and cortical glial cell density. Because of the slight variability in the timing of brain development between litters, gender-matched littermate controls were always used for these experiments. Each control mouse contained at least one wild-type abl allele and one wild-type arg allele. Stereological analysis by an investigator blind to genotypes was performed on NeuN-stained sections using the Optical Fractionator probe in the StereoInvestigator software (MicroBrightField, Colchester, VT). In each section, the cortical region (excluding layer 1 because of cell sparseness) was traced carefully and used as the contour for Optical Fractionator. The following parameters were set for cell counts: counting frame size, 40.00 ϫ 24.04 m; scan grid size, 1300 ϫ 1000 m; distance from section top to threedimensional counting frame, 5 m. Between 239 and 454 cells were counted for each set of sections from each animal, resulting in a Gundersen coefficient of error Յ0.06 (m ϭ 1). Total cortical cell number and cortical volume estimates were used to calculate cell density (cells per unit volume).
For cortical layer, cell-density estimates, images of the visual cortex in NeuN-stained sections under 10ϫ magnification were captured using a Nikon TE2000-S inverted light microscope connected to a Retiga-cooled monochrome digital camera (Qimaging, Burnaby, British Columbia, Canada) and Openlab software (Improvision, Lexington, MA). The vi-sual cortex was identified based on positions in the study by Franklin and Paxinos (1997) . Two 200-m-wide strips were drawn in the visual cortex of one sagittal section from each brain. Layers were delineated in each strip based on cell density and cell size and were easily identified in mutants and controls. NeuN-stained cells were counted manually for each layer in the 200-m-wide strip. Cell number and layer thickness measurements were made using Openlab software and were used to calculate cell density (cells per unit area).
To estimate cortical glial cell density, stereological analysis was performed on S-100␤-stained sections using the Optical Fractionator probe in the StereoInvestigator software. In each section, the cortical region was traced carefully and used as the contour for Optical Fractionator. The following parameters were set for cell counts: counting frame size, 65.00 ϫ 50.00 m; scan grid size, 1000 ϫ 1000 m; distance from the top section to the three-dimensional counting frame, 5 m. Approximately 100 cells were counted for each set of sections from each animal. Glial cell number and cortical volume estimates were used to calculate cell density (cells per unit volume).
Golgi staining. Staining was performed following the protocol of Gibb and Kolb (1998) . Tissue impregnation with the Golgi-Cox solution was for 3-5 d. Vibratome sections were made at 150 m thickness.
DiI anterograde labeling. To label the trajectories of callosal axons innervating the cortex, one or two crystals of DiI (Molecular Probes, Eugene, OR) were placed into the center of the corpus callosum in coronal slabs (ϳ1-1.3 mm thick) from brains that were perfusion-fixed and postfixed with 4% paraformaldehyde/PBS as described above. Brain slabs were then incubated in 4% paraformaldehyde/PBS in the dark at 37°C for 1 month and then sectioned coronally with a vibratome at 30 m. Sections were mounted on slides in 4% paraformaldehyde/PBS. Epifluorescence was observed and imaged with a Nikon (Tokyo, Japan) TE2000-Sinverted light microscope connected to a Retiga-cooled monochrome digital camera and Openlab software.
For quantitation of cortical afferent targeting, 60 m cortical sections containing DiI-labeled axons were incubated in ice-cold diaminobenzidine (2 mg/ml in 50 mM Tris, pH 7.5) and photoconverted to dark precipitate using fluorescent illumination in the red channel, with changing of the solution every 15 min. A strip template was drawn over a section of cortex and divided equally into five bins of equal size with bin 1 nearest the pial surface and bin 5 nearest the corpus callosum. Axons within each bin were traced and quantified using Neurolucida software.
Morphometric analysis of neurons. Individual neurons labeled by Golgi staining were traced under 100ϫ magnification using a light microscope fitted with a Z-drive and reconstructed using Neurolucida software. Sholl analysis, total dendrite length, mean dendrite length, numbers of branchpoints (nodes), average segment length, and numbers of segments were calculated using NeuroExplorer software (MicroBrightField). In Sholl analysis, concentric three-dimensional shells of increasing radius are centered on the cell body of the neuron; the number of intersections of the dendrite arbor with a given shell is plotted versus the shell radius. Total dendrite length and numbers of branchpoints were used to calculate branchpoint density. All cells were traced with an experimenter blinded to the genotypes.
Fluorescent images of cultured cortical neurons expressing Arg or Arg mutants and yellow fluorescent protein (YFP) were captured at 20ϫ magnification with a Nikon TE2000-S-inverted light microscope connected to a Retiga-cooled monochrome digital camera and Openlab software. For experiments examining integrin-dependent neurite outgrowth of wild-type or arg Ϫ/Ϫ neurons, cells were imaged in phase contrast. To minimize effects of cell-cell interactions on dendrite morphogenesis, only neurons that were not in contact with other cells were selected for analysis. Images were imported into Neurolucida, and neurons were traced, reconstructed, and analyzed as described above. For each transfection condition, between four and eight independent cultures (10 -65 individual neurons from each culture) were analyzed. For each culture condition to examine integrin-dependent neurite outgrowth, one to four independent cultures each of wild-type or arg Ϫ/Ϫ neurons (ϳ30 individual neurons from each culture) were analyzed. All cells were imaged and traced with an experimenter blinded to transfection condition, culture condition, and genotype.
Primary neuron cultures, transfections, and immunostaining. Cortical cultures were prepared from embryonic day 15 (E15) mouse embryos. Cortices were dissected in ice-cold HBSS (Invitrogen) supplemented with 25 mM HEPES and 0.5% glucose, minced, and digested in 0.3 U/ml papain (Worthington, Lakewood, NJ), 0.1% dispase (Roche, Indianapolis, IN), and 0.01% DNaseI (Sigma) in HBSS plus HEPES/glucose at 37°C (twice for 7 min). Tissue was triturated 20 times with a glass Pasteur pipette with a fire-polished tip. Dissociated cells were resuspended in Neurobasal media supplemented with B27, 5% fetal calf serum, 1 mM sodium pyruvate, and 2 mM L-glutamine (all from Invitrogen) and plated at 17,500 cells/well on glass coverslips in 24-well plates. Coverslips were acid washed and coated with poly-L-ornithine (ornithine; Sigma) for 1 h at room temperature, followed by 4 g/ml mouse laminin-1 (Invitrogen, Carlsbad, CA) in PBS overnight at 37°C.
Cells were transfected at 2 d in vitro (DIV) by a calcium phosphate transfection procedure as described previously (Threadgill et al., 1997) . For each well, 3 g of experimental plasmid and 1 g of pEYFP-N1 plasmid (Clontech, Palo Alto, CA) was added. After 1 h of incubation at 37°C, each well was washed with PBS to remove precipitate, and warmed original culture media was replaced. Cells were fixed at 4 DIV in 4% paraformaldehyde/4% sucrose in PBS for 15 min at room temperature. Coverslips were mounted on slides with Aquamount (Lerner Laboratories, Pittsburgh, PA).
For transfection of Arg-YFP into cultured neurons, 4 g of pX1-Arg-YFP plasmid (Miller et al., 2004 ) was added to each well. Control YFP transfections contained 1 g of pEYFP-N1 and 3 g of pX1 vector added to each well. Cells were fixed at indicated times.
For integrin-dependent neurite outgrowth experiments, wild-type or arg Ϫ/Ϫ neurons were prepared in parallel, as described above, and plated on coverslips coated with 0.01% poly-L-ornithine for 1 h at room temperature, followed by 4 g/ml mouse laminin-1 in PBS, PBS alone, 5 or 10 g/ml mouse Netrin-1 (R & D Systems, Minneapolis, MN), or human embryonic kidney 293 cell-conditioned media from transiently or stably transfected cells expressing alkaline phosphatase (AP)-tag5 (GenHunter, Nashville, TN) or AP-Sema7A overnight at 37°C. Concentrations of APtag5 and AP-Sema7A were determined by colorimetric (4-nitrophenylphosphate) alkaline phosphatase activity assay using human placental alkaline phosphatase (Sigma) as a standard. Drugs [echistatin, 1 M (Sigma); STI571, 3.3 M (gift from Dr. W. Bornmann, MD Anderson Cancer Center, Houston, TX)] were added to media before plating cells. Cells were fixed 24 h after plating (1 DIV), and coverslips were mounted on slides as described above.
Cultured cortical neurons were immunostained with ␣-Abl (K-12; 4 g/ml; Santa Cruz Biotechnology), ␣-Arg, or ␣-microtubule-associated protein 2 (MAP2) (1:1000; Chemicon) antibodies as follows. Cells were rinsed in warm PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM EDTA, 2 mM MgCl 2 , pH 6.9), fixed in warm 4% paraformaldehyde/4% sucrose in PBS for 10 min at room temperature, rinsed again in PHEM buffer, permeabilized in 0.5% Triton X-100 in PBS for 10 min at room temperature, and then incubated in primary antibody for 1.5 h at 37°C, followed by Alexa-488 goat-␣-rabbit or rhodamine-goat-␣-rabbit secondary antibody (1 g/ml; Molecular Probes) for 1.5 h at 37°C.
Timelapse analysis. Cortical neurons were prepared as described above and plated on coverslip-bottom dishes (MatTek, Ashland, MA) coated with polyornithine or laminin as described above. Cells were imaged in phase contrast with a 20ϫ objective at 40 min intervals on day 1 in vitro or at 7 and 17 h intervals from 1 to 4 DIV. Cells were returned to the incubator (37°C, 5% CO 2 /95% O 2 ) between imaging times, so that they were never in ambient air for Ͼ15 min during imaging. Neurons were repeatedly identified based on their unique shapes and the pattern of nearby neurons in the same field of view at 10ϫ magnification. Neurons were traced using Neurolucida software as described above.
Results

Generation of brain-specific abl
Ϫ/Ϫ arg Ϫ/Ϫ mice We used Cre/loxP technology to generate mice with brains that lacked both Abl and Arg to test whether they might have functional overlap in the control of neuronal morphogenesis. Briefly, we engineered into the mouse germline a conditional abl allele (abl flox ), crossed it into an arg Ϫ/Ϫ background, and inactivated abl using a nestin promoter-Cre recombinase transgene (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). We refer to these abl flox/flox arg Ϫ/Ϫ nestin-Cre ϩ mice as brain specific-double knock-out (bs-dko) mice. The brains of abl flox/flox nestin-Cre ϩ mice contain no kinase-active Abl protein but yield small amounts of a kinase-inactive Abl mutant protein (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material).
Neuronal packing density is increased in brain-specific-double knock-out mouse cortex Our initial visual analysis suggested that cerebral cortices from bs-dko mice have increased neuronal density relative to gendermatched littermate control mice. We used quantitative stereological sampling techniques to estimate the cortical volume and total number of cortical neurons in 6-to 8-week-old control and bs-dko brain sections stained for the neuron-specific antigen NeuN ( Fig. 1 A-D) . We found that total neuron density in the cortex is increased by 23% in bs-dko brains relative to control mice ( p ϭ 0.03; Student's t test; n ϭ 5 control and 5 bs-dko mice). This increased cortical neuron density results from nearly identical numbers of neurons occupying decreased cortical volumes in the bs-dko mice ( Fig. 1 E) (data not shown). To determine whether the increased neuron density was diffuse or layer specific, we also examined cell density by layer in control and bs-dko brains. Neurons in all layers of bs-dko cortex were more densely packed than in controls, with layers 4 and 5 exhibiting significant increases in neuron density ( Fig. 1 F) .
Increased neuronal density could result from a decrease in glial cell size or number. To test this possibility, we stained control and bs-dko cortices with anti-S-100␤ antibodies to label astrocytes. We observed no gross morphological alterations in glial cells in bs-dko cortices (Fig. 1G ,H ) and no difference in glial cell density between control and bs-dko cortices (control, 3.93 Ϯ 0.3 ϫ 10 4 glia/mm 3 ; bs-dko, 4.13 Ϯ 0.16 ϫ 10 4 glia/mm 3 ; n ϭ 3 mice; nine sections total for each genotype; p ϭ 0.56, Student's t test). In addition, Abl and Arg are expressed in neurons but not in glia , further supporting the hypothesis that decreased neuronal size leads to increased neuronal packing density. These data suggest that neurons in the bs-dko cortex are smaller on average than those in control brains.
Cortical lamination is normal in bs-dko mice
The failure of neurons to migrate to their proper positions in the cortex could lead to increased cell density in specific layers. To determine whether defects in cortical lamination contribute to increased cell density in bs-dko mice, we labeled a cohort of neurons in bs-dko cortices on E12.5 or E15.5 by BrdU incorporation and examined the distribution of these neurons in the cortex at P21 (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). Neurons labeled on E12.5 migrate to similar positions in the deep layers of the cortex in both bs-dko and littermate control mice (supplemental Fig. 3 A, B ,E, available at www.jneurosci.org as supplemental material). Neurons labeled on E15.5 migrate similarly to the superficial layers of the cortex in both bs-dko and littermate control mice (supplemental Fig.  3C , D, E, available at www.jneurosci.org as supplemental material). These data indicate that increased cell density in bs-dko cortices is not a result of defects in cortical lamination.
Adult cortical pyramidal neurons lacking Arg or both Abl and Arg have smaller dendrite arbors
Neurons in bs-dko cortex might have smaller dendrite arbors, allowing them to pack more densely together. Our studies indicated that the increased neuronal density in bs-dko mice is great- Mean Ϯ SE; n ϭ 5 mice; 9 -12 sections each per genotype. F, Quantitation of cortical neuron density by cortical layer in control or bs-dko mice. Mean Ϯ SE; n ϭ 5 mice per genotype. *p Յ 0.05, Student's t test of bs-dko relative to control. G, H, Coronal sections (50 m) from 6-week-old abl ϩ/ϩ arg ϩ/Ϫ (control) (G) and bs-dko (H ) littermate mice are stained with antibodies to the glial marker S100-␤. Sections show a portion of cortical layer 5. est in cortical layers 4 and 5. We used Golgi-Cox staining followed by camera lucida reconstruction to investigate the structures of layer 5 pyramidal neurons in the somatosensory and visual cortices of adult mice lacking Abl and/or Arg (Fig. 2 A-D) .
Both Sholl and morphometric analyses revealed that layer 5 pyramidal neurons in 6-to 8-week-old arg Ϫ/Ϫ mice have smaller basal dendrite arbors compared with wild-type controls (Fig.  2C,F-H ) . Quantitation revealed that the total length of basal dendrites is reduced by 26% in arg Ϫ/Ϫ neurons compared with wild-type neurons (Fig. 2G ). These smaller basal dendrite arbors have 28% fewer dendrite branchpoints (Fig. 2 H) and a commensurate decrease in the number of basal dendrite segments compared with wild-type arbors (data not shown). Interestingly, the apical dendrites of arg Ϫ/Ϫ cortical neurons were similar to wildtype apical dendrites in length and branchpoint number (Fig.  2G,H ) . The total length and branchpoint number of basal dendrites from abl Ϫ/Ϫ layer 5 pyramidal neurons were reduced by 13 and 15%, respectively, relative to wildtype neurons, although this reduction was not statistically significant (Fig. 2 B 
, G,H ).
We also examined the bs-dko mice to determine whether Abl and Arg have overlapping functions in the control of dendrite morphogenesis. The bs-dko cortical layer 5 neurons have more severe reductions in their basal dendrite arbors than either abl Ϫ/Ϫ or arg Ϫ/Ϫ neurons (Fig.  2 D, F ) . The total basal dendrite length is reduced 34% in bs-dko neurons relative to wild-type neurons (Fig. 2G) . Dendrite branchpoint number is also decreased by 45% in bs-dko neurons relative to wild type (Fig. 2 H) (Koleske et al., 1998; . We examined whether differences in Abl or Arg expression levels might explain the differential requirements for the kinases in dendrite development. We used semiquantitative immunoblot analysis with purified recombinant Abl and Arg as standards to determine the relative amount of Abl and Arg in the mouse brain at several developmental time points. This analysis revealed that Abl is fivefold more abundant than Arg in brain extracts made at E13, but that Arg is eightfold more abundant than Abl in the brain at P21 and fivefold more abundant than Abl in the 6-week-old brain (Fig. 3) . Because most dendrite growth occurs postnatally, the finding that Arg is more abundant in postnatal brain may explain why the loss of Arg function has greater effects on dendrite arbors than the loss of Abl function.
In summary, basal dendrites are more severely affected by the loss of Abl and/or Arg than apical dendrites. The loss of Arg function leads to more severe defects than the loss of Abl function, and mice lacking both kinases are affected even more severely. These data indicate that Abl and Arg have overlapping functions in the control of both apical and basal dendrite length and branching.
Cortical pyramidal neurons have normal dendrite arbors in arg
Ϫ/Ϫ and bs-dko mice at P21 To better understand which periods of dendrite development require Abl and Arg function, we also measured dendrite arbors Ϫ/Ϫ , arg Ϫ/Ϫ , and bs-dko layer 5 pyramidal neurons. Sholl analysis measures dendrite complexity: concentric three-dimensional shells of increasing radius are centered on the cell body of the neuron; the number of intersections of the dendrite arbor with a given shell is plotted versus the shell radius. Each point represents mean Ϯ SE. For all data presented in this figure, analysis was performed on the following: apical dendrites, wild type, n ϭ 6 mice, 16 neurons; abl Ϫ/Ϫ , n ϭ 4 mice, 15 neurons; arg Ϫ/Ϫ , n ϭ 4 mice, 16 neurons; bs-dko, n ϭ 6 mice, 17 neurons; basal dendrites, wild type, n ϭ 6 mice, 16 neurons; abl Ϫ/Ϫ , n ϭ 4 mice, 16 neurons; arg Ϫ/Ϫ , n ϭ 4 mice, 17 neurons; bs-dko, n ϭ 6 mice, 16 neurons. G, H, Mean total length (G) and branchpoint number (H ) of apical (left) and basal (right) dendrite arbors from wild-type, abl Ϫ/Ϫ , arg Ϫ/Ϫ , and bs-dko layer 5 pyramidal neurons. Mean Ϯ SE. ANOVA between all genotypes: apical length, p ϭ 0.233; basal length, p ϭ 0.014; apical branchpoints, p ϭ 0.092; basal branchpoints, p Ͻ 0.0001; post hoc Student-Newman-Keuls test for each mutant versus wild type, *p Ͻ 0.05.
in wild-type, arg Ϫ/Ϫ , and bs-dko mouse brains at P21, just after the period of the most extensive dendrite growth in mouse cortex (Miller, 1988) . Both Sholl and morphometric analyses indicate that P21 wildtype neurons develop elaborate apical and dendrite arbors that are greater in total length and have more branchpoints than adult neurons. For example, apical dendrite arbors have 45% increased total length and 35% increased branchpoint number in P21 wild-type neurons relative to adult wild-type neurons. Basal dendrite arbors are also slightly increased in P21 wild-type neurons relative to adult wildtype neurons (compare Fig. 2G,H with Fig. 4 F, G) .
Interestingly, the apical and basal dendrite arbors of P21 arg Ϫ/Ϫ and bs-dko neurons are similar in size and complexity to those of P21 wild-type mice (Fig. 4 A-G) . For example, the total apical and basal dendrite length and the number of apical and basal branchpoints do not differ significantly between P21 wildtype, arg Ϫ/Ϫ , and bs-dko cortical pyramidal neurons. Not surprisingly, cortical neuron density is similar between control and bs-dko cortex in P21 mice (data not shown). Together with results presented in Figure 2 , our findings suggest that arg Ϫ/Ϫ and bs-dko pyramidal neurons initially form normal dendrite arbors, but that dendrite arbors are maintained with reduced efficiency in the arg Ϫ/Ϫ and bs-dko mice.
Axon afferents to the cortex are normal in arg Ϫ/Ϫ and bs-dko brains Previous studies have shown that Abl family kinases can regulate axon guidance and growth (Gertler et al., 1989; Elkins et al., 1990; Giniger, 1998; Wills et al., 1999a,b; Bashaw et al., 2000) . Because synaptic activity from afferent axons can promote dendrite maintenance (McAllister, 2000; Lohmann et al., 2002; Redmond et al., 2002; Vaillant et al., 2002; Whitford et al., 2002) , we examined whether arg Ϫ/Ϫ and bs-dko brains have defects in afferent axons innervating cortical layer 4 and 5 neurons that might lead to secondary defects in dendrite branch maintenance.
Thalamic axons reaching the cortex via the internal capsule are the main afferent inputs to layer 4 neurons, whereas layer 5 neurons receive their principal afferent inputs from homotypic contralateral neurons via the corpus callosum (Innocenti, 1986; Naegele et al., 1988; Miller et al., 1993) . We immunostained coronal sections from 6-to 8-week-old littermate control and bs-dko mice with anti-Ig superfamily adhesion receptor L1 (anti-L1) antibodies to reveal the size and morphology of the corpus callosum and internal capsule. Both the corpus callosum and the internal capsule appear similar in matched sections from 6-to 8-week-old control and bs-dko mice (Fig. 5A-F ) . The thickness of the corpus callosum reflects the number of axons crossing to contralateral cortical hemispheres. We measured corpus callosum thickness in control and bs-dko mice to determine whether bs-dko mice have significantly reduced numbers of corticocortical axons that could lead to dendrite arbor deterioration. Mean corpus callosum thickness in matched coronal sections was similar in 6-to 8-week-old control and bs-dko mice (Fig. 5H ) . These data suggest that axon numbers and morphology are normal in the absence of Abl and Arg.
We reasoned that failures in axon growth or guidance might precede the deterioration of dendrites observed in arg Ϫ/Ϫ and bs-dko cortices. To address this possibility, we performed anti-L1 immunostaining of matched coronal sections from control, arg Ϫ/Ϫ , and bs-dko mice at P18 -P22, when dendrites have elaborated but are not fully mature (data not shown). No morphological differences were observed between wild-type, arg Ϫ/Ϫ , and bs-dko corpus callosa or internal capsules. Quantitation of these sections revealed similar mean corpus callosum thickness in wild-type, arg Ϫ/Ϫ , and bs-dko brains (Fig. 5G) . Finally, to examine axon trajectories as they defasciculate from the corpus callosum, we anterogradely labeled callosal axons in P18 -P22 wild-type, arg Ϫ/Ϫ , and bs-dko brains using the axon tracer DiI. We observed no gross abnormalities in callosal axons as they crossed the midline, entered the contralateral cor- Figure 3 . D, E, Sholl analysis of apical (D) and basal (E) dendrites from wild-type, arg Ϫ/Ϫ , and bs-dko layer 5 pyramidal neurons. Each point represents mean Ϯ SE. For all experiments in this figure, analysis was performed on the following: apical dendrites, wild type, n ϭ 6 mice, 17 neurons; arg Ϫ/Ϫ , n ϭ 5 mice, 16 neurons; bs-dko, n ϭ 5 mice, 15 neurons; basal dendrites, wild type, n ϭ 6 mice, 17 neurons; arg Ϫ/Ϫ , n ϭ 6 mice, 17 neurons; bs-dko, n ϭ 6 mice, 16 neurons. F, G, Mean total length (F ) and branchpoint number (G) of apical (left) and basal (right) dendrite arbors from wild-type, arg Ϫ/Ϫ , and bs-dko layer 5 pyramidal neurons. Mean Ϯ SE. ANOVA between all genotypes: apical length, p ϭ 0.568; basal length, p Ͼ 0.999; apical branchpoints, p ϭ 0.202; basal branchpoints, p ϭ 0.436. tex, and targeted similar cortical areas in wild-type, arg Ϫ/Ϫ , and bs-dko brains (data not shown). Tracing of individual DiIlabeled callosal axons revealed that corticocortical axons project similarly in wild-type, arg Ϫ/Ϫ , and bs-dko brains with the majority of callosal axons terminating similarly in the deeper cortical layers (Fig. 5 I, J ) . These data suggest that corticocortical axon projection patterns are essentially unaffected by the loss of Abl/ Arg function. It is possible that subtle defects in intracortical axon connectivity exist but are below the resolution of this analysis.
Arg promotes axon and dendrite branching in cultured cortical neurons
To better understand how Abl and Arg regulate dendrite maintenance, we examined whether expression of Arg or Arg mutants could affect neuronal morphogenesis in primary cultured cortical neurons. We focused on Arg because of its more significant role than Abl in regulating dendrite structure. Neurons were cotransfected with expression vectors for Arg and YFP to allow for imaging, tracing, and reconstruction of neurons using camera lucida software.
Neurons overexpressing Arg have more complex neurite structures than control neurons expressing only YFP (Fig.  6 B) . Quantitation revealed that Arg promotes a 26% increase in the number of neurite branchpoints (Fig. 6C) . The neurites of Arg-overexpressing neurons are similar in length to control neurons (Fig.  6C) . This leads to an overall 25% increase in branchpoint density (branchpoints per unit length of neurite) compared with control YFP-expressing neurons (Fig. 6 E) . Control and Arg-overexpressing neurons contain similar numbers of primary neurites (neurites extending directly from the cell body) per neuron (YFP control, 5.55 Ϯ 0.17; YFP plus Arg, 6.13 Ϯ 0.18). These results demonstrate that Arg can act within neurons to increase neurite branching.
Arg requires its kinase activity to promote neurite branching
A kinase-inactive Arg point mutant (ArgKI) (Hernandez et al., 2004a) did not increase neurite branchpoint number or length over that observed in control neurons (Fig. 6C) . Conversely, overexpression of an Arg mutant with elevated kinase activity [Arg⌬Src homology 3 (SH3)] increased neurite branchpoints by 26% and decreased total neurite length by 15% (Fig.  6C) . Together, these factors contribute to a 37% increase in branchpoint density in Arg⌬SH3-expressing neurons compared with control neurons (Fig. 6 E) . These data indicate that Arg requires its kinase activity to promote neurite branching in vitro. Interestingly, an Arg C-terminal truncation mutant lacking the two F-actinbinding domains and the microtubule-binding domain (Arg⌬C) (Miller et al., 2004) increases branchpoint density by 30% (Fig.  6 A, C-E) . These data indicate that the cytoskeletal-binding domains are not required for Arg to promote neurite branching, at least when overexpressed.
Arg promotes branching of both axons and dendrites
We investigated whether Arg affects axon or dendrite branching in vitro. Previous work by Szebenyi et al. (1998) and Dent et al. (1999) demonstrated that at 3 d in culture, the longest neurite on cortical neurons is the axon. In agreement with these previous reports, we found that at 4 d in vitro, cortical neurons have a single long axon with an average length of 400 -500 m (Fig. 6 E) and several shorter dendrites with average lengths of 50 -60 m ( Fig. 6 B, D) . The short dendritic processes stain positively for the dendrite marker MAP2, whereas the long axonal process is MAP2 negative (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material). We cotransfected primary cortical neurons with expression vectors for Arg and YFP at 2 d in vitro, fixed them at 4 d in vitro, and then analyzed axon and dendrite morphology. Neurons were cultured at low density to eliminate the contributions of cell-cell contact to neuronal morphogenesis.
Neurons overexpressing Arg have more complex neurite structures than control neurons expressing only the YFP vector (Fig. 6 B) . Quantitation revealed that control and Argoverexpressing neurons contain similar numbers of primary dendrites per neuron (YFP control, 4.76 Ϯ 0.22; YFP plus Arg, 5.29 Ϯ 0.24; p ϭ 0.11, Student's t test). Arg-expressing neurons exhibit a 37% increase in dendrite branchpoints and a 33% increase in dendrite branchpoint density (branchpoints per micrometer of dendrite) over control YFP-expressing neurons (Fig. 6 D) . Arg expression also promotes a 46% increase in axon branchpoints and a 52% increase in axon length (Fig. 6 E) . Together, these data indicate that Arg can promote branching of both axons and dendrites from cortical neurons in vitro.
Arg and Abl localize to axons and dendrites
Immunofluorescence localization in cultured cortical neurons revealed that increased staining for endogenous Arg is observed in growth cones and in phase-dense thickenings of the dendrite and axon shafts (Fig. 6 F) . Abl localized along axons and dendrites with slightly elevated staining in the growth cone, as reported previously (Fig. 6G) (Zukerberg et al., 2000; Lu et al., 2002; Jones et al., 2004 ). Together with results described above, these data suggest that Arg and Abl act in both growth cones and along processes to regulate axon and dendrite branching.
Arg is required for integrin-mediated stimulation of neurite growth and branching
We wanted to understand which specific cell surface receptors might interface with Arg signaling pathways to regulate axon and dendrite branching. Abl is activated in fibroblasts during cell adhesion to fibronectin (Lewis et al., 1996; Woodring et al., 2001) . Arg is also activated by adhesion in both fibroblasts and neurons (Hernandez et al., 2004a) . We therefore examined whether Arg regulates adhesion-dependent changes in neurite branching.
Adhesive cues promote dramatic changes in neurite structure within 24 h in culture (Lander et al., 1985; Beggs et al., 1994; Ignelzi et al., 1994) . We plated wild-type and arg Ϫ/Ϫ neurons on different adhesive substrates and measured the effects on neurite structure 1 d later. At this stage, all neurites stain positively for MAP2. Wild-type cortical neurons form significantly more complex neurite arbors when cultured on the extracellular matrix protein laminin than when cultured on a nonspecific adhesive Ϫ/Ϫ cortical neurons were plated on glass coverslips coated with polyornithine (ornithine) or polyornithine plus laminin-1 (laminin). Neurons were fixed at 24 h and traced with camera lucida software. Wild type on ornithine, n ϭ 150 total neurons, five independent experiments; wild type on laminin, n ϭ 136 neurons, five experiments; arg Ϫ/Ϫ on ornithine, n ϭ 137 neurons, five experiments; arg Ϫ/Ϫ on laminin, n ϭ 128 neurons, five experiments. C, D, Wild-type or arg Ϫ/Ϫ cortical neurons plated on ornithine or laminin in the presence of the Abl/Arg inhibitor STI571 (3.3 M) or the ␤1/␤3 integrin inhibitor echistatin (1 M). Wild-type on ornithine plus echistatin, n ϭ 61 neurons, three experiments; wild type on laminin plus echistatin, n ϭ 59 neurons, three experiments, wild type on ornithine plus STI571, n ϭ 61 neurons, three experiments; wild type on laminin plus STI571, n ϭ 93 neurons, three experiments; arg Ϫ/Ϫ on ornithine plus echistatin, n ϭ 20, one experiment; arg Ϫ/Ϫ on laminin plus echistatin, n ϭ 59 neurons, three experiments; arg Ϫ/Ϫ on ornithine plus STI571, n ϭ 57 neurons, three experiments; arg Ϫ/Ϫ on laminin plus STI571, n ϭ 89 neurons, three experiments. For A-D, ANOVA between all plating conditions: branchpoints, p Ͻ 0.0001; length, p Ͻ 0.0001; post hoc Student-Newman-Keuls test for each condition versus wild type plated on ornithine, *p Ͻ 0.05. ANOVA between all plating conditions for each genotype: wild-type branchpoints, p Ͻ 0.0001; arg Ϫ/Ϫ branchpoints, p ϭ 0.119; wild-type length, p Ͻ 0.0001; arg Ϫ/Ϫ length, p ϭ 0.022. E, F, Wild type or arg Ϫ/Ϫ cortical neurons plated on Semaphorin7A (AP-Sema7A) or control protein (AP) substrates in the presence of STI571 (3.3 M) or echistatin (1 M). Wild type on AP, n ϭ 70 neurons, four experiments; wild type on 20 nM Sema7A, n ϭ 46 neurons, two experiments; wild type on 100 nM Sema7A, n ϭ 72 neurons, three experiments; wild type on 100 nM Sema7A plus STI571, n ϭ 27 neurons, one experiment; wild type on 100 nM Sema7A plus echistatin, n ϭ 25 neurons, one experiment; arg Ϫ/Ϫ on AP, n ϭ 74 neurons, three experiments; arg Ϫ/Ϫ on 20 nM Sema7A, n ϭ 47 neurons, two experiments; arg Ϫ/Ϫ on 100 nM Sema7A, n ϭ 72 neurons, three experiments; arg Ϫ/Ϫ on 100 nM Sema7A plus STI571, n ϭ 25 neurons, one experiment; arg Ϫ/Ϫ on 100 nM Sema7A plus echistatin, n ϭ 29 neurons, one experiment. For E and F, ANOVA between all plating conditions is as follows: branchpoints, p Ͻ 0.0001; length, p Ͻ 0.0001; post hoc Student-Newman-Keuls test for each condition versus wild type plated on 100 nM AP, *p Ͻ 0.05. ANOVA between all plating conditions for each genotype: wild-type branchpoints, p ϭ 0.0004; arg Ϫ/Ϫ branchpoints, p ϭ 0.015; wild-type length, p ϭ 0.007; arg Ϫ/Ϫ length, p ϭ 0.104. G, H, Wild type or arg Ϫ/Ϫ 4 cortical neurons plated on ornithine (orni), laminin (lamin), or Netrin-1 (netrin) at the indicated concentrations. Neurons were fixed at 24 h. One experiment was performed for each condition. Wild-type neurons on ornithine, n ϭ 20 neurons; wild type on laminin, n ϭ 22 neurons; wild type on 5 g/ml netrin, n ϭ 25 neurons; wild type on 10 g/ml netrin, n ϭ 24 neurons; arg Ϫ/Ϫ neurons on ornithine, n ϭ 24 neurons; arg Ϫ/Ϫ on laminin, n ϭ 19 neurons; arg Ϫ/Ϫ on 5 g/ml netrin, n ϭ 24 neurons; arg Ϫ/Ϫ on 10 g/ml netrin, n ϭ 27 neurons. ANOVA between all plating conditions is as follows: branchpoints, p Ͻ 0.0001, length, p Ͻ 0.0001; post hoc Student-Newman-Keuls test for each condition versus wild type plated on ornithine, *p Ͻ 0.05. ANOVA between all plating conditions for each genotype: wild-type branchpoints, p ϭ 0 Ͻ 0.0001; arg Ϫ/Ϫ branchpoints, p ϭ 0.772; wild-type length, p Ͻ 0.0001; arg
substrate, ornithine. Wild-type neurons cultured for 24 h on laminin exhibit a 2.25-fold increase in neurite branchpoints and a 1.19-fold increase in total neurite length over that observed in neurons cultured on ornithine (Fig. 7 A, B) . Cortical neurons express several receptors for laminin, including integrins ␣3␤1, ␣4␤1, ␣6␤1, and ␣7␤1 (Schmid and Anton, 2003) . The laminin-induced increases in neurite branching and elongation are eliminated by treatment of wild-type neurons with the integrin ␤1/␤3 inhibitor echistatin (Fig. 7C,D ) (Anderson and Ferreira, 2004; Hama et al., 2004) . This observation strongly suggests that the binding of neuronal integrin receptors to laminin is responsible for the increase in neurite elongation and branching observed in wild-type neurons.
Although they develop neurite arbors as well as wild-type neurons when cultured on ornithine, arg Ϫ/Ϫ neurons do not form increased numbers of neurite branches when cultured on laminin (Fig. 7 A, B) . Treatment of wild-type neurons with the Abl/Arg kinase inhibitor STI571 similarly reduces their neurite branching response to laminin (Fig. 7C,D) . Moreover, arg Ϫ/Ϫ neurons cultured on laminin are resistant to the inhibitory effects of echistatin on neurite branching (Fig. 7C,D) . Together, these data indicate that Arg is required for integrin-stimulated elaboration of neurites from cortical neurons.
Integrin-mediated adhesion promotes increased neurite branch dynamics
Axon and dendrite branching are highly dynamic processes. New axon branches emerge as F-actin-rich filopodia (Bastmeyer and O'Leary, 1996) , which evolve into growth cones after microtubule invasion (Dent and Kalil, 2001 ) (for review, see Luo, 2002) .
Dendrite branches in developing arbors extend and retract rapidly, such that many more trial branches are formed and retracted than finally exist in the mature arbor (Dailey and Smith, 1996; Wu et al., 1999; Wong et al., 2000) . Artificially slowing the dynamics of dendrite branch extension and retraction also slows the overall rate of arbor growth (Wu and Cline, 1998; Wong et al., 2000) , indicating that branch dynamics determine the rate and extent of dendrite arbor growth.
We investigated how integrin-mediated adhesion affects the dynamic behavior of neurite branches in wild-type and arg Ϫ / Ϫ neurite arbors. Cortical neurons were cultured on ornithine or laminin for ϳ18 h in vitro before beginning timelapse imaging for 6 h at 40 min intervals. arg Ϫ / Ϫ neurons cultured on ornithine exhibited 26% fewer branchpoint additions and 13% fewer branchpoint retractions over the 6 h imaging period than wildtype neurons on ornithine (Fig. 8 B) . Culturing wild-type neurons on laminin increased rates of neurite branchpoint addition and retraction by nearly twofold over rates observed on ornithine. In contrast, although arg Ϫ / Ϫ neurons exhibited modest increases in the rates of branchpoint addition and retraction when cultured on laminin, rates of branch addition and retraction were 31 and 36% lower than in wild-type neurons, respectively (Fig. 8 A, B) . The rates of neurite length extension and retraction were stimulated by laminin similarly in wild-type and arg Ϫ / Ϫ neurons, indicating that once a branchpoint has formed, extension of the resulting neurite occurs normally in arg Ϫ / Ϫ neurons (Fig. 8C) . Together, these experiments demonstrate that arg Ϫ / Ϫ neurites are less dynamic than wild-type neurites and less responsive to stimulation by integrin-mediated adhesion.
To understand how the reduced branch dynamics of arg neurites affects overall neurite arbor growth, we imaged neurons cultured on laminin at 7 and 17 h intervals for 3 d in vitro (from 1 to 4 DIV) (Fig. 8 D, E) . Wild-type neurons accumulated branchpoints at a rate of 0.13 branchpoints/h and increased in total neurite length at 6.7 m/h (rates from linear trendline fit to data in Fig. 8 D, E) . Compared with wild-type neurites, rates of growth of arg Ϫ / Ϫ neurites were reduced by half, with 0.07 branchpoints added per hour and total neurite length increasing 2.5 m/h. These data support the hypothesis that the reduced integrinmediated branch dynamics of arg Ϫ / Ϫ neurites leads to slower arbor growth resulting from reduced rates of branch accumulation over several days.
Arg is required for integrin-mediated responses to Semaphorin 7A
Laminin-1 expression in the mouse brain is high before birth but is downregulated postnatally (Liesi, 1985) before dendrites undergo their most rapid growth. This observation suggests that other cues activate integrins to regulate dendrite development in the postnatal brain. Recent studies have shown that integrins can serve as receptors for the axon guidance molecules Netrin-1 (Yebra et al., 2003) and Semaphorin 7A (Pasterkamp et al., 2003) .
We tested whether integrin-dependent neurite branching can be stimulated by adhesion to Netrin-1 or Sema7A in wild-type neurons. Culturing neurons on Netrin-1 had no effect on neurite branching in either wild-type or arg Ϫ/Ϫ neurons ( Fig. 7G ) but led to a similar inhibition of neurite elongation in wild-type and arg Ϫ/Ϫ neurons compared with neurons plated on ornithine (Fig.  7H ). These data indicate that Netrin-1 does not stimulate neurite branching in either wild-type or arg Ϫ/Ϫ cortical neurons. Wild-type neurons cultured on coverslips coated with an APtagged human Sema7A fusion protein exhibited a dosedependent increase in neurite elongation and branching relative to neurons cultured on AP alone (Fig. 7 E, F ) . Sema7A stimulated neurite elongation and branching slightly in arg Ϫ/Ϫ neurons, but this increase was greatly reduced compared with wild-type responses. Importantly, treatment of wild-type neurons with STI571 attenuated their branching response to Sema7A, but arg Ϫ/Ϫ neuron responses were resistant to STI571 treatment. These results indicate that the full Sema7A-stimulated increase in neurite branching requires Arg.
Treatment of wild-type neurons with echistatin eliminated their response to Sema7A, strongly suggesting that increases in neurite length and branching result from the binding of Sema7A to integrin receptors (Fig. 7 E, F ) . Treatment of arg Ϫ/Ϫ neurons with echistatin also blocked their slight increase in elongation and branching (Fig. 7 E, F ) . Together, these results indicate that Arg is required for the maximal neurite branching response to Sema7A and suggest that other downstream-signaling pathways may also contribute to the Sema7A neurite-branching response.
Discussion
We report that Abl and Arg function after dendrite development to mediate signals from adhesive cues that are critical for dendrite maintenance. Dendrite arbors are normal in arg Ϫ/Ϫ and bs-dko cortical neurons at P21 but become reduced in size and complexity by 6 weeks resulting from increased loss of dendrite branches relative to wild-type neurons. Arg overexpression in primary cortical neurons promotes increased axon and dendrite branching. Abl and Arg are required for integrin-dependent stimulation of neurite branch dynamics by laminin or Sema7A, leading to increased arbor growth rate. Our results suggest that dendrite maintenance can be distinguished from dendrite development both temporally and by their differential requirements for specific molecular components.
Where do Abl and Arg act to regulate dendrite maintenance?
Previous studies have shown that Abl can promote neurite branching and elongation in culture (Zukerberg et al., 2000; Woodring et al., 2002; Jones et al., 2004) . We show that Abl and Arg localize to both axons and dendrites, and that Arg promotes axon and dendrite branching in cultured cortical neurons. These data suggest that Abl and Arg may control dendrite morphogenesis directly by acting in the dendrite to regulate its dynamic behavior or indirectly by regulating the formation and targeting of axons that innervate these dendrites.
Several observations suggest that Abl and Arg act directly in cortical dendrites to regulate dendrite maintenance in vivo. First, examination of the two major axon tracts innervating the cortex, the internal capsule and corpus callosum, indicate that they are normal in arg Ϫ/Ϫ and bs-dko mice. Second, dye-tracing studies demonstrate that the corticocortical afferents distribute normally, with preferential targeting of the deeper cortical layers. Previous work indicates that callosal axons innervating the contralateral cortical hemisphere are not restricted to form synapses on either apical or basal dendrite arbors (Elberger, 1994a,b) . Therefore, dendritic reductions resulting from defects in axonal targeting should occur in both apical and basal dendrites. The finding that abl Ϫ/Ϫ and arg Ϫ/Ϫ neurons have reductions only in their basal trees argues that afferent axon mistargeting cannot explain the dendritic defects in these mice. It remains possible that mice lacking Abl and/or Arg exhibit subtle defects in callosal axon branching and targeting that are below the resolution of our analysis. By causing a failure to innervate proper dendrite targets, such axonal defects could contribute to a reduction in dendrite branch maintenance.
Integrin signaling through Abl and Arg modulates dendrite structure Adhesive interactions with the ECM have been shown to participate in the regulation of dendrite development in vivo. For example, dendrite complexity is dramatically reduced in the hippocampus of reeler mutant mice lacking the ECM glycoprotein Reelin (Niu et al., 2004) . In vitro, adhesion receptor ligands such as laminin-1 and L1 are well characterized stimulators of neurite outgrowth in multiple types of cultured neurons (Reichardt and Tomaselli, 1991; Kiryushko et al., 2004) .
Expression of different integrin receptor ␣ and ␤ subunits is widespread in the brain (Cousin et al., 1997; Pinkstaff et al., 1998 Pinkstaff et al., , 1999 Bi et al., 2001; Schmid and Anton, 2003) . The binding of distinct neuronal integrin receptors to ECM proteins (e.g., laminin, fibronectin, etc.) can potently stimulate neurite outgrowth in vitro (Reichardt and Tomaselli, 1991) , suggesting that integrins can regulate axon and dendrite morphogenesis in vivo. We showed that Arg is required for neurite branching stimulated by integrin-dependent adhesion to laminin-1. However, because its expression is downregulated postnatally, it is unlikely that laminin-1 is the ligand activating integrins in neurons of the mature brain.
The axon guidance molecules Netrin-1 (Yebra et al., 2003) and Sema7A (Pasterkamp et al., 2003) can act as integrin receptor ligands. A growing number of studies have demonstrated that axon guidance cues can also guide dendrite growth (Jan and Jan, 2003; Kim and Chiba, 2004) . These findings suggest that Netrin-1 and Sema7A could serve as integrin ligands regulating dendrite structure. In fact, we found that Sema7A promotes neurite branching and elongation from wild type neurons and that this response is diminished in arg Ϫ/Ϫ neurons or in wild type neurons treated with the Abl/Arg kinase inhibitor STI571. Interestingly, Sema7A is expressed throughout the cortex during postnatal periods, although cortical dendrite morphology has not been examined in Sema7A knock-out mice (J. Pasterkamp and A. Kolodkin, personal communication) . We propose that Sema7A or possibly related cues activate integrin receptors to promote dendrite maintenance through Abl and Arg in mature neurons. To this end, Semaphorin 3A is required for the elaboration of dendrite branches in cortical pyramidal neurons (Fenstermaker et al., 2004) .
Regulation of branch dynamics by Abl and Arg: a role in dendrite maintenance in vivo?
Several reports have shown that immature neurons undergoing extensive arbor growth have high rates of branch extension and retraction that gradually decline as neurons reach maturity (Wu et al., 1999; Trachtenberg et al., 2002; Mizrahi and Katz, 2003) . It is generally believed that this dynamic behavior allows immature neurons to remodel rapidly in response to developmental cues, but that mature neurons have more stable dendritic structures. However, few studies have investigated dendrite branch dynamics in more mature mammalian neurons in vivo over time intervals sufficient to detect branch dynamics in young animals (i.e., intervals of 20 -60 min). Moreover, investigations of cortical dendrite dynamics have focused on apical tufts (Grutzendler et al., 2002; Trachtenberg et al., 2002) ; no studies have monitored basal dendrite dynamics, in which developmental defects are often reported. Therefore, the existence of continued dendrite dynamics in more mature neurons cannot be ruled out.
In fact, several studies demonstrate that mature neurons can remodel in response to various stimuli. For example, neuronal activity induced by bicuculline treatment increases dendrite branch dynamics of mitral and tufted cells in the adult olfactory bulb (Mizrahi and Katz, 2003) . The dendrites of mature cortical neurons are capable of dramatic remodeling and growth in response to the neurotrophin BDNF (McAllister et al., 1995 (McAllister et al., , 1997 . Importantly, BDNF stimulates dendritic growth from established P28 ferret cortical neurons by increasing rates of branch dynamics (Horch et al., 1999; Horch and Katz, 2002) . Furthermore, loss of BDNF signaling through TrkB (tyrosine receptor kinase B) receptors results in cortical dendrite arbor shrinkage after P3 (Xu et al., 2000; Gorski et al., 2003) . These studies hint that low-level remodeling of dendrite branches may occur in cortical dendrites, and this remodeling may be required for arbor size maintenance after postnatal week 3. Like BDNF, Abl and Arg are required for dendrite maintenance after P21. Our data demonstrate that Arg is required for adhesion-dependent stimulation of neurite branch dynamics that promote arbor elaboration. We speculate that Abl and Arg may influence dendrite maintenance after P21 by modulating dendrite dynamics in response to adhesive cues (supplemental Fig. 5 , available at www.jneurosci.org as supplemental material). Although technically challenging, timelapse imaging of basal dendrite arbors in the intact mouse brain will be necessary to ultimately determine whether Abl and Arg regulate branch dynamics in mature neurons and whether dendrite arbor maintenance requires this dynamic behavior.
We observed that arg Ϫ/Ϫ neurons isolated from embryonic mice have intrinsically reduced dynamic behavior on adhesive surfaces relative to wild-type neurons. It is not clear why defects in dendrite morphogenesis become evident only relatively late in development in the intact brain, especially because Arg protein levels remain relatively stable from embryonic through postnatal development. One possibility is that expression of the cue(s) that activate Arg is temporally restricted to late postnatal development. It is also possible that redundant signaling pathways may supplement reduced Arg activity allowing for normal development through P21 in the arg Ϫ/Ϫ mice.
Possible downstream targets of Abl and Arg in regulation of axon/dendrite branching
Arg requires its kinase activity to promote neurite branching either when overexpressed or activated by adhesion to laminin-1 or Sema7A in cultured neurons. Thus, Arg likely promotes dendrite branching by phosphorylating one or more cytoskeletal regulatory proteins. One candidate is p190RhoGAP, a substrate of Arg during postnatal mouse brain development (supplemental Fig. 5 , available at www.jneurosci.org as supplemental material) (Hernandez et al., 2004a) . p190RhoGAP is an antagonist of the RhoA (Rho) GTPase, which negatively regulates dendrite branch formation in several model systems (Ruchhoeft et al., 1999 ) (Nakayama et al., 2000 Wong et al., 2000) . Arg mediates phosphorylation and activation of p190RhoGAP in neurons after adhesion to laminin-1 (Hernandez et al., 2004a) , suggesting that Arg functions to counteract Rho in response to adhesive cues. Abl inhibits Rho activity in cultured hippocampal neurons, because Abl inhibition using STI571 leads to increased Rho activity , consistent with the idea that Abl kinases phosphorylate and activate p190RhoGAP. Several other substrates of Abl and Arg are also expressed in the brain, including paxillin (Turner, 1991; Mazaki et al., 1998) , Sos1 (Guerrero et al., 1996; Esteban et al., 2000) , and Crk (Ogawa et al., 1994; Kharbanda et al., 1995) , but it is unclear whether these proteins contribute to regulation of axon or dendrite morphogenesis in vivo. Genetic studies in Drosophila indicate that Abl regulates axon guidance through interactions with F-actin and microtubules (Wills et al., 1999a) . Splaying of microtubule bundles at axon branch sites is followed by localized actin polymerization and the emergence of an F-actin-rich protrusion that evolves into a new growth cone (Bastmeyer and O'Leary, 1996; Dent et al., 1999; Dent and Kalil, 2001) . In fibroblasts, Arg requires F-actin-and microtubule-binding domains located in its C-terminal half to promote adhesion-dependent protrusions at the periphery Miller et al., 2004) . Although an Arg mutant lacking F-actin and microtubule-binding domains promotes neurite branching when overexpressed in culture, Arg may use these domains to coordinate F-actin and microtubule rearrangements at branch sites in vivo.
Does misregulation of Abl family kinases contribute to neurological disorders?
Dendritic defects are the most consistent anatomical correlates of mental retardation syndromes (Kaufmann and Moser, 2000) and are also observed in the prefrontal cortex of schizophrenia patients (Glantz and Lewis, 2000; Broadbelt et al., 2002) . Identification of the genetic lesions in several nonsyndromic mental retardation cases highlights the importance of cytoskeletal regulation by the Rho GTPases in controlling dendrite structure (Ramakers, 2000) . Dysfunctional Abl and Arg signaling may contribute to the pathophysiology of some human mental retardation syndromes or psychiatric diseases by perturbing Rho signaling and other cytoskeletal regulatory pathways that maintain dendrite arbors.
